Nucleic acids-based therapies have recently developed as next-generation agents for treating and preventing viral infection, cancer, and genetic disorders, but their use is still limited due to its relatively poor delivery into targeted cells. We designed and synthesized new amphiphilic amino acid derivatives (cysteine-based) of low molecular weight, formed by the same pentapeptide (AG2: WWCOO) N-acylated, with different hydrophobic chains containing from 12 to 18 carbons, named AG2-C n (N), which dimerize by oxidation in the presence of pLenti-CMV-GFP Puro plasmid (P) in the respective gemini. We determined transfection efficiency, critical micelle concentration, particle size, ζ-potential and cytotoxicity for the derivatives obtained. We found that all the synthesized compounds were active for DNA delivery and had greater ability to transfect CHO-K1 cells. In particular, AG2-C 18 is a promising carrier for gene delivery because it showed no cytotoxicity and its activity was greater than or equal to the commercial actives currently used.
gemini, a specific group of cationic lipids, has shown efficient transfection activity [4] [5] . These are dimeric amphiphiles with two hydrophilic heads and two hydrophobic groups per molecule, separated by a covalently bound spacer chain at the head groups, and are primarily used in material sciences because of their characteristic low surface tension [6] [7] [8] [9] . In recent years, there has been extensive research on gemini amphiphiles as non-viral gene delivery carriers for both in vitro and in vivo applications. These agents have a versatile chemical structure, can be easily produced on a laboratory scale, can compact DNA to nano-sized lipoplexes and show relatively low toxicity, compared to monomeric surfactants [4] . The transfection activity of gemini is influenced by the chemical nature of the head groups, length and saturation of the hydrophobic chains and by the chemical composition and length of the spacer [10] [11] [12] .
Several classes of natural amino acid-based gemini have been synthesized and characterized for the purpose of gene delivery [13] [14] [15] [16] . One of the methods most commonly used for the synthesis of amphiphilic amino acid derivatives is the peptide N-terminal acylation [16] . If the peptide has cysteine in its sequence, it may dimerize by oxidative coupling obtaining the corresponding gemini [17] [18] [19] [20] .
We recently described a new gemini 3b derived from a tetrapeptide consisting of tryptophan and ornithine (COCH 3 -WWOO-CONH 2 ), designed with structural requirements similar to those for AMPs (antimicrobial peptides) and CPPs (cell penetrating peptides) [21] . This gemini is active towards bacteria causing foodborne diseases and has a potential longer biological half-life, as ornithine gives gemini enzymatic resistance. Structure activity relationship studies (SARS) determined that gemini 3b shows greater activity when the sequence has tryptophan residues and the ornithine residues are adjacent [22] [23].
The current study presents the development of new amphiphilic carriers with simple structure (molecular mass < 1 KDa), aimed to achieve high DNA in vitro transfection efficiency. We describe the synthesis of a series of new N-acyl and cysteine-based amphiphilic amino acid derivatives named AG2-C n (N) ( Table 1 and Figure 1 ), where the head group derives from the sequence of the gemini 3b (WWCOO) and the tail group, acylated to the N-terminus of peptide, has been systematically varied. A C4 column was used, and peptides were eluted using a gradient elution of 5% -95% of ACN in water containing 0.1% TFA. The design of the structure of these compounds is potentially better than that of gemini 3b for two reasons, firstly the technique used in the hydrophobization of the peptide sequence has greater efficiency and yield and, secondly, the presence of the cysteine residue, gives AG2-C n better interfacial properties and therefore greater biological activity. AG2-C n (monomer) dimerizes by oxidation in the presence of pLenti-CMV-GFP Puroplasmid (P) in the respective gemini during the formation of the lipoplex.
For the derivatives obtained, we determined critical micelle concentration (CMC), particle size, ζ-potential, cytotoxicity, antimicrobial activity, and gene transfection efficiency for HEK293 T and CHO-K1 cells using pEGFP as reporter gen.
Materials and Methods

Synthesis and Characterization of Monomeric Amphiphiles
Firstly, AG2 peptide (NH 2 -WWCOO-CONH 2 ) was synthesized using Fmocsolid phase peptide synthesis method [24] . Secondly, the lipophilic acid (lauric, myristic, palmitic and oleic) was attached to the N-terminus of a resin-bound peptide using the same synthesis method as for AG2 to obtain AG2-C 12 ; AG2-C 14 ; AG2-C 16 and AG2-C 18 , respectively (Table 1) . Rink amide 4-Methylbenzy-drylamine resin (MBHA) was used to prepare the C-terminal peptide amide. 
Determination of Critical Micellar Concentration
Critical micellar concentrations of monomeric amphiphiles were obtained by measuring surface tension using a CSC Scientific Du Nouytensiometer. Serial dilutions were prepared from a concentrated stock solution of the amphiphiles in Hepes buffer (10 mM, pH 7.4) containing DTT (Dithiothreitol) (15 mM) to avoid detergent oxidation. A plot of the tension (mN/m) fluorescence versus the logarithm of the surfactant concentration displayed a sharp break and the corresponding concentration was considered to be the CMC.
Preparation and Characterization of Complexes
The plasmid pLenti CMV GFP Puro (658-5) was a gift from Eric Campeau (Addgene plasmid # 17448) [25] . Lipoplexes were prepared according to the technique described by Wang et al. [26] . DNA complexes at N/P ratios of 1. 
Agarose Gel Electrophoresis
The ability of the amphiphiles to condense the DNA was determined by agarose gel electrophoresis. The AG-2-C n /pLenti-CMV-GFP Puro plasmid complex was prepared at N/P ratios ranging from 0.6 to 9.6. After 30-minute incubation, the complex was electrophoresed at 100 V for 15 minutes on agarose gels (1.0%, w/v).The location of plasmid bands was visualized under ultraviolet light by Gelred™ fluorescent dye.
Gene Transfection Assay
Gene transfection efficiency of AG2-C n /pLenti-CMV-GFP Puro plasmid com- 
Detection of Antimicrobial Activity
The agar-well-diffusion assay was used to investigate antimicrobial activity of amphiphiles [27] . 
Hemolytic Assay
For the determination of hemolytic activity, Triton X-100 (1%, w/v), free AG2-C n , and AG-2-C n /pLenti-CMV-GFP Puro plasmid complexes were dissolved in PBS (phosphate buffered saline) with pH adjusted to 7.4. Serial dilutions were performed for amphiphile-containing solutions to obtain concentrations ranging from 1000 µg/mL to 0.5 µg/mL. Aliquots ( with the sample solution and incubated at 37˚C for 1 h. The mixture was then centrifuged at 1500 rpm for 10 min. 100 μL of supernatant was collected from each sample, and the absorbance was measured at 540 nm using a microplate reader to determine the hemoglobin concentration released. The relative hemolytic capacity was calculated by normalizing the absorbance of samples to that treated with Triton X-100 [28] .
Compound Toxicity Assay by Crystal Violet Dye
The toxicity of each free amphiphile was determined by crystal violet staining. This method is useful for the rapid detection of highly toxic compounds at 48 h. Since the dye stains viable cells, the less intensively coloured cells indicate compound toxicity. Cells were seeded in 1 × 10 5 cell/well into 0.2 ml growing medium and incubated at 37˚C and 5% CO 2 for 24 h. Supernatants were discarded and two-fold serial dilutions of each free amphipile were evaluated in triplicate. The amphiphile concentrations ranged from 1000 µg/ml to 0.1 µg/ml. Serial dilutions were performed for surfactant-containing solutions to achieve the surfactant concentrations. Between 1000 µg/ml and 0.5 µg/ml cells were incubated for 48 h at 37˚C and 5% CO 2 . The supernatants from each well were discarded and 50 µl/well of crystal violet dye was added and incubated at 37˚C and 5% CO 2 for 30 min. The dye was then removed and the plates were generously washed with water. 100 µl/well of acetic acid was added and colour intensity was measured by spectrophotometer or by a 96-well plate reader capable of measuring absorbance at 540 nm. Untreated cells were considered to be the negative control. The non-toxic limit concentration was calculated as the highest concentration of compound which produced the same colour intensity than that of the negative control.
Results and Discussion
Synthesis and Characterization of AG2-Cn
The monomeric amphipiles AG2-C n were synthesized with high purity (>95%), the mass-average molecular weights are summarized in Table 1 . Amphiphiles have a net positive charge of +2 at pH 7.4, due to the presence of two residues of ornithine. The RT (retention times) of the different amphiphiles determined by RP-HPLC and the experimental molecular mass determined by ESI-MS are also shown in Table 1 .
DNA Binding Assay
Gel retardation is a technique widely used for assessing complex formation between plasmid DNA and gene delivery vectors. Amphiphiles condense DNA into large particles that remain in the loading well. Figure 2 shows the results of agarose gel electrophoresis for the binding affinity for pLenti-CMV-GFP Puro plasmid to AG2-C n . All the compounds tested formed lipoplexes but at different N/P ratios. The number of cationic nitrogen of gemini required per phosphorous residue of pDNA (i.e., N/P ratio) for complete complexation was found to be close to 4.8 and 9.6 for AG2-C 12 and AG2-C 14 , respectively, and 2.4 for AG2-C 16 and AG2-C 18 , which is comparable to other cationic amphiphiles with excellent gene transfection ability [15] . During gel electrophoresis, fluorescent dye bands were present with equal intensity within the N/P ratios 0 -0.6 for all the AG2-C n , which indicates no prominent binding with pDNA. In contrast, the fluorescent dye band disappeared at N/P ratio of 4.8 for AG2-C 12 , 9.6 for AG2-C 14 , and 2.4 for AG2-C 16 and AG2-C 18 . During the formation of DNA-AG2-C n complexes the migration of DNA is retarded and the fluorescent dye is displaced by gemini, which may explain the disappearance of the DNA bands [29] . Figure 2 . Agarose gel electrophoresis shift assay of AG2-C n /pLenti-CMV-GFP Puro complexes at indicated N/P ratios.
Characterization of AG2-Cn/pLenti-CMV-GFP Puro Complexes
Appropriate size and ζ-potential are important for efficient gene transfection [12] . In this study, the particle size and ζ-potential of AG2-C n /pLenti-CMV-GFP Puro complexes were studied by light-scattering technique at different N/P ratios ( Table 2 and Table 3 ). According to Dauty et al. [12] , lipoplexes size increases with the increase of N/P ratio or the chain length (C 12 to C 14 ) of the amphiphile, as it leads to a growth in the particle size ( Table 2 ). The average size is reproducible at low charge ratios. However, size values fluctuate considerably above N/P ratio of 19.6 due to the onset of precipitation that reduces the accuracy of the light scattering measurement. Lipoplex size was reported to have a close relationship with transfection efficiency [30] . However, a specific correlation between lipoplex size and transfection efficiency using the AG2-C n compounds as vectors were not discernible as all the lipoplexes at optimum charge ratio showed a similar size (around 110 -350 nm diameter) and lipoplex sizes were variable to N/P ratio, while the compounds showed maximum activity.
ζ-potentials are negative at low N/P ratio due to excess DNA and become less negative as N/P ratio increases to the estimated isoelectric point at N/P ratios ranging from 2.4 to 4.8 (Table 3 ) and remain positive up to an N/P ratio of 28.0.
The formation of AG2-C n /pLenti-CMV-GFP Puro complexes appears to occur well above the N/P ratio of 1:1 that has been reported for traditional single tail, single head surfactants with DNA, or for single head, double tail surfactants with DNA [31] . Table 2 . Nanoparticle diameter (nm) of AG2-C n /pLenti-CMV-GFP Puro complexes as measured by dinamic light scattering. The ζ-potential of the lipoplexes might be considered to be a good indicator of the importance of the first step in the overall transfection process, which is the adhesion of the lipoplex to the negatively charged cell membrane. Nevertheless, as it has been previously shown [25] , a higher positive ζ-potential does not appear to correlate to higher transfection efficiency, since although lipoplexes acquire a positive charge between +33 and +38 up to an N/P ratio of 4.8, the minimum and a maximum activity are observed at N/P ratios of 15.0 and 28.0, respectively.
Critical Micellar Concentrations
Knowledge on CMC is of upmost importance for transfection: the presence of excess cationic micelles of the amphiphiles during the complex formation step may trigger the aggregation of anionic condensed DNA particles; a high CMC is thus preferable. Onthe other hand, once oxidized, the resulting dimeric amphiphile (gemini) should have a very low CMC to avoid early extraction from the amphiphile/DNA complexes during the gene delivery process [32] [33]. The
CMCs of the monomeric amphiphiles were determined at neutral pH in 10 mM DTT using a Du Nouytensiometer. The results are presented in Table 1 . In this paper, we assume that the differences observed for the CMCs of the synthesized compounds are due only to the different hydrophobic chains formed. Similarly to the trend exhibited by conventional amphiphiles, the CMC of AG2-C n decreased as alkyl chain length increased from C 12 to C 14 or from C 12 to C 18 . We attribute the unexpected value for C 16 to the presence of AG2 pentapentide not hydrophobised, because the quality of palmitic acid used was not optimal, compared to the other fatty acids employed. Finally, AG2-C 14 and AG2-C 18 were the molecules that showed the lowest CMC value, with a surface tension at concentration higher than the rest, conditions which allow the efficient formation of lipoplexes.
Gene Transfection Efficiency
Gene transfection efficiency in HEK293 T and CHO-K1 cells was evaluated by expression assays, using GFP as the reporter gen. PEI and Lipofectamine 2000
were used as controls. It was determined that all the compounds tested were active for both cell lines tested, significantly higher against CHO-K1 cells, except AG2-C 12 . In particular, AG2-C 18 was able to transfect 30% -40% more CHO-K1 cells. In comparison, AG2-C 18 transfected 67% CHO-K1 cells, obtaining a value similar to the one obtained for PEI (67%) and greater than the one obtained for Lipofectamine 2000 (55%). It seemed that gene transfection efficiency was dependent on N/P ratio, which could be observed for both HEK293 T and CHO-K1 cells (Figure 3 (a) and Figure 3(b) ). Except for the least active amphiphile, AG2-C 16 , all compounds showed two peaks of activity at N/P ratio of 15 and 28, respectively. Normally, most compounds of this type have a rising activity curve with a single maximum [11] [28] [34] . Although the reasons are not clear yet, we can assume that the low activity observed for all compounds atan N/P ratio of 15 can be because lipoplexesare still not fully formed. As measured by DLS sizes are smaller (average 192 nm) than those observed at an N/P ratio of 28 (average 305 nm) ( Table 2 ). The fluorescence intensity of AG2-C18/pLenti-CMV-GFP Puro complexes at N/P ratio of 28 was comparable to that of PEI/ pLenti-CMV-GFP Puro and Lipofectamine 2000/pLenti-CMV-GFP Puro complexes (Figure 3(c) ).
Given that for all amphiphiles the peptide sequence (polar head) is the same, we can attribute the increased activity for AG2-C 18 to the presence in the molecule of the hydrophobic tail of 18 carbon unsaturated oleic acid. This agrees with Fielden et al. [11] and Castro et al. [35] , who reported that the introduction of unsaturation to C 18 tails (85% cis) transfects CHO-K1 cells with efficiency comparable to Lipofectamine Plus/2000.
The amphiphiles designed for this paper are based on the amino acid sequence of a gemini compound tested by our group as antimicrobials [22] [23]. These gemini were designed considering the structural requirements reported for antimicrobial peptides (AMPs) and cell penetrating peptides (CPPs) regarding the need for positive charges (basic peptides: Lys, Arg, Orn) and the presence of hydrophobic residues (Trp, Tyr, Phe) involved in the membrane destabilization processes [21] [36] [37] . The original sequence of these antimicrobials amphiphiles was modified by the addition of the cysteine residue in order to be tested as DNA transfection agents. The thiol group of cysteine from AG2-C n undergoes oxidative coupling to yield cystine and produces gemini in presence of DNA. These gemini surfactants self-assembled at a much lower concentration than their monomeric counterparts and they also showed a lower surface tension at the CMC. This improvement in the interfacial properties makes them less suitable to act individually at cell membrane level, and more suitable to cross without damaging it. The residues of ornithine are positively charged at neutral pH, which helps particles to interact with plasmid DNA and cellular membrane.
Ornithine also helps overcome one of the biological barriers associated with the process of lipofection, which is DNA escape from the endosome (to avoid the formation of lysosomes and the destruction of plasmid by nucleases). Meanwhile, the interaction of tryptophane residues with GAG (glycosaminoglycan) cell membranes promote the endocytosis of DNA [38] [39] . The design of these amphiphiles is new. The literature describes the importance of the coexistence of tryptophane and cysteine in the sequence of some CPP for cellular internalization [40] , but there are no reports on amphiphilic amino acid derivatives which combine tryptophan, cysteine, and ornithine residues in the same structure. We believe that this combination could be the explanation for the fact that the lipoplexes formed from these amphiphiles are much more easily internalized in CHO-K1 cells than in other cell lines, which should be further researched.
Hemolytic Activity Study
The membrane disruption of AG2-C n was evaluated by hemolytic assay. Figure  4 (a) shows the hemolysis of the free amphiphiles in a concentration range from 1000 µg/mL to 0.5 µg/mL. All amphiphiles showed concentration-dependent hemolysis at Ph 7.4. However, the hemolytic activity observed is markedly lower than the activity observed for similar molecules [40] . In fact, for a concentration of about 6 µM Xu et al. [41] detected between 10% and 60% hemolysis while, at the same concentration, our amphiphiles reached between 7% and 20% hemolysis. The AG2-C n /pLenti-CMV-GFP Puro complexes also show concentrationdependent hemolytic activity (Figure 4(b) ). However, except for AG2-C 16 , for the entire range of concentrations tested, hemolytic activity decreases significantly when amphiphileis as part of the complex. Only 15% hemolysisis observed when the concentration of amphiphile corresponds to the maximum activity (N/P of 28, approximately 20.5 μg/mL). PBS and its complexes with pLKV1-EGFP plasmid were used as controls with 100% and <10% of hemolytic activity respectively.
Cytotoxicity Assay
The cytotoxicity for AG2-C n in CHO-K1 cells is shown in Figure 5 . As it can be seen, all the amphiphilic amino acid derivatives showed low cytotoxicity. No cytotoxicity was observed over the 24-h period for AG2-C 12 and AG2-C 16 at 0.48 -62.5 μg/mL concentrations and for AG2-C 14 and AG2-C 18 at 0.48 -32.25 µg/mL concentrations, which indicates favourable biocompatibility with CHO-K1 cells.
The concentrations at which maximum activity can be observed for these compounds (N/P ratio 28) are within those ranges The low cytotoxicity observed is consistent with the lack of antimicrobial activity observed for these compounds.
In fact, all compounds were tested in their activity towards pathogenic bacteria at two concentrations, one below and one above CMC. Activity was observed only for AG2-C 12 , which was poorly active against Bacillus subtilis.
Conclusion
Four biocompatible and dimerizable amphiphilic aminoacid-based derivatives were designed and synthesized for delivering nucleic acids. The carriers had low critical micelle concentrations and formed nanoparticles with plasmid DNA.
The nucleic acid nanoparticles with all the carriers showed low cytotoxicity and high activity at physiological pH. The amphiphilic carriers were more effective to transfect CHO-K1 cell, mainly AG2-C 18 , with efficiency 12% higher than that of Lipofectamine 2000. Further studies on a greater number of cell lines are required to establish specificity of action, to correlate the physicochemical and structural properties for AG2-C n /pLenti-CMV-GFP Puro complexes with in vitro transfection of CHO-K1 cells, and to contribute to a better understanding of the gene delivery process. Figure 5 . Cytotoxicity of AG2-C n on CHO-K1 cells. Data are shown as the mean ± standard deviation (n = 3).
